
REPORT 1016
—.

EFFECT OF TUNNEL CONFIGURATION AND TESTING TECHNIQUE ON
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StiM31ARY

.h incest igatiou k been conducted to determine the injuence
IJ aspect ratio, boundary-layer control by meane of ~lot~ and
porous surface~, Reyno[d~ number, and tunnel end-xall condi-
tion upon the perjorman ce of airfm”k in cascades. A repre*ent-
ezticecompremor-b[ade section (the ~JTACA 65–(12) 10) of aepect
ratiox of 1, 2, and J ha$ been tested at low speed~ in cascatkw un”th
.+did and ux”thporous m-de UWILS. Tuwdimensiona[ Jute UXJI
~stabliahed in pormitiuvll cawadee of each of the three a~pect
ratio% tested: the jlow WCMnot tu’o-dimenm”onal in any of the
.wlid-uu[i cawadcs.

Turbine-blade sectwn~ of mpect ratio 0.83 ~ere tested in
mx.wade.vuith did and porous side wulis and blade $ection * of
IISpeCf ratio S.%? were teded in cascades w“th $oiid UTI[h. .~-O

particu.far adrantage UXMobaerced in th-e uw of pnrom WA for
tht ~urbine cascades teded.

INTRODUCTION

.\irfoiIs tire tested in cascades to provide fundanlentaI
infrmnat ion for the design of compressors and turbines.
This information can be tippIied directly as basic data in
many designs. The advantage of cascade testing lies in the
relative ease and rapidity with which tests can be made, in
thc eIiminat ion of three-dimensional ancl boundary-layer
etiects not related to section performance, and in the much
more detailed information concerning section performance
which can he obtained in comparison with that obtainable
from tests of rotating compressors and turbines. Cascade
resuhs have always contained inherent discrepancies,
however, because the How could not be made truly two-
dirnensional. These discrepancies arose from the interference
and interaction of the boundary Iayers on the side walls with
the flow about the test airfoils because of the finite aspect
ra ties necessarily used.

The data reported in references 1 and 2 are in some ways
inconsistent and, in cross-pIotting these data for design
studies, irregularity ies appear such that the design w-ouId be
indeterminant within the Iimits of required accuracy. These
irregularity ies have caused much difHculty to pwsons at ternpt -
ing to interpolate or extrapolate the data for particular
applications Inconsistencies also arose from the fact that
dwta from the Langley 5-inch cascade tunnel had always been
—.

subject to operating technique; for example, much skill timi
experience were necessary in acijusti~~ the fle.tibk floors
correctIy and data that were repeatable were diffimdt to
obtain.

TIM specific Wicuhies that haw led to distrust of pre-
ciously obtained cascade data are:

(I) & was pointed out in reference 3, the lift coefficient.
obtained by integrating the pressuredistribution p~ots of
reference 1 did not agree with that calculated from the
measured turning angle, when two-dimensional flow- was
assumed.

(z) The fact that the pressure rise expected to r&uh from
the measurd turnirg angIe was not obtained obviously
should have an effect on the magnitude of the turning anglej
therefore, some question arises as to the validity of the data
in references 1 and 2. The pressure distribution is alsc_
affected in magnitude and in shape by the failure to obtain
the calculated pressure rise.

(3) Compressor-blade sections of higher camber than could
be sat isfactoriIy tested in the original 5-inch cascade have
been successfully nsedinasingIe-stage test blower (references).

These effects me bdieved to be caused by the interaction
of the tunnel-wall and test-b~ade-surface boundary Iayem
since premature separation occurs at the juncture of the side
walk and test bIades and produces a Iarge Iow-energ.y region
at the e.tit from the cascade. This Iarge wake acts as a
restriction on the flow, higher average exit velocities result,
and the flow k not t wodimensional.

Twodimensional flow is believed to exist when the follow-
ing criteria are satisfied:

(1) Equal pressures, velocities, and directions exist at
MFerent spanwise locat ions.

(2) The static-pressure rise across the cascade equals the
-due associated with the measured turning angIe and wake.

(3) No regions of low-energy flow other than blade wakes
exist. The bIade wakes me constant. in the spanwise direction.

(4) The measured force on the bIades equak that msoci-
at ed with the measured momentum and pressure change
across the cascade.

(5) The various performance vaIues do not change vi-it~
aspect ratio, number of blades, or other physical facto= of
the tunnel configuration.
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Past attempts to cst-abIish twodimensiomd flows in cas-
cades htive utilized boundary-layer removal sIots on two or
all of the tunnd walls upstream of the cascade, and cascades
using bIades of aspect ratio 4 or higher have been constructed.
The present investigation was intended to determine the
value of these methods and that of a method beIieved to be
new-the use of continuous boundary-layer removal through
porous surfaces from tho cascade side and end walls. A rep-
resentative compressor-blade section of aspect ratios of
1, 2, and 4 was tested at low speeds in cascades with solid
and with porous sido walls. This section was tested over a
range of Reynolds number for each of these conditions.
For c~mpmison, turbine-blade sections in which the flow is
chmactwizcd by a pressure drop through the test section
were tested in cascades with solid and with porous side walls.

When schlimen or shadow photographs of flows through
cascridcs are desired, tho use of porous side waHs would
be diIXcult; therefore, several methods of cmrecting solid-
wall-cascade results to the twodimcnsionaI case have been
compared and their accuracy discussed.

SYMBOLS

aspect ratio, span of blades divided by chord of blades
wake coefficient, coefficient of momentum difference

bctwee.n wake and free stream, baso~ on entering
velocity

blade. normal-force coefficient based on entering
velocity

bIade normal-force coefficient obtained by intcgra.-
tion of blade pressure distribution

blade normal-force. coefflcie.nt calculated from mem-
ured momentum and pressure changes

dynamic pressure, pounds per square foot
Re.ynolcls number, based on blade chord and entering

air velocity
velocity, feet pm second
angle of attwk, angle between entering air and chord

line. of blade, degrees
inlet air angle, angle between entering air and axis,

degrees
turning angle, angle through which air is turned by

blades, degrees
solidity, chord of blade divided by gap between blades

Subscripts:

1 upstream of cascade
2 downstream of cascade
1 local
c corrected
a axial
m mean value
t tangential

DESCRIPTION OF TEST EQUIPMENT

The test facilities used in this investigation were the
Langley 5-inch and 20-inc.h cascade tunrds. The 5-inch
cascade test section proper uses the same design and, to a
considerable cxt ent, the same parts as the one described in
reference 1. A larger settling chamber having an area of

about 25 square feet is used, however, and provides a ratio
of settling-chamber area to test-section area of about 40:1.
A similar settling chamber is used on tho 20-inrh cascade
with an area ratio of only 10:1. It. is Micvcd t]lat, if n
larger area ratio were used, this cascade would yichl sat ia-
factcq- entrance flows and less attention to the ffpxiblc-wal]
curvat urea and suet ion pressure on the upstream slots would
be needed. A sketch of a vcrticid cross section of cithur
tunnel is shown as figure 1. Photographs of th(! two t.unmds
are prmrnted as figures 2 and 3.
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FmuRE 2. Lmgley Hmh cnsmde tunnel equipped withporowal
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The porous surface is supported by a 120-mesh screen,
which is in turn supported by a sheet of perforated m@taI
having &nch-diameter hoIes with % inch between their
ceuters in all directions. (See fig. 4.) This perforated sheet
mettd is available from steel suppIiera as a standard item.
A rigid frame of celIuIar construction is empIoyed to carry
the test airfoils and to minimize the bowing of the side walls
due to the suction pressure. A number of different materiaLs
were in-restiggted for use as porous surfaces; the results of
this study are presented in a subsequent section.

The consideration that determined the partimdar cascade
selected for detailed study was the desire to have as direct
a comparison as possibIe with the present blading in the
rotor of the 42-inch test compressor. The NACA 65-(12)10
compressor-blade section as used in this compressor has an
inlet ar@e of 60° at the mean diameter and a soIidity of
1.182 and is fairIy typical of axial-flow compressor rotors.
Because of the geometry of the cascade tunnel used, the
sections were tested at a solidity of 1. This cascade has a
relatively high static-pressure rise and high bIade normal-
force coefficient, conditions which make cascade testing
difficuIt.

In adclition, some data obtained at the less severe condition
of 4S0 inlet angle are included to provide a more compIete
picture of the problem and of the results obtained.

The cascade of airfoils selected for detaiIed study was
tested at low speed in the foIlowing tunneI con6gurations:

(1) 5-inch, blade aspect ratio 1, soIid-waII cascade
(2) 5-inch, blade aspect ratio 1, poroua+vdl cascade
(3) 5-iich, blade aspect ratio 2, solid-wall cascade
(4) 5-inch, bIade aspect ratio 2, porous-wall cascade
[5) 20-inch, blade aspect ratio 4, soIid-waU cascade
(6) 20-inch, bIade. aspect ratio 4, porcms-waII cascade
Turning-angIe, preesure-riw, pressure-distribution, and

wake+urvey measurements were taken. For comparison
purposes, results obtained by using a 42-inch-tip-diameter
test compressor and a 28-inch-tipdiameter test compressor
are presented. AH but wake+urvey measurements viere
taken in the 42-inch test compressor described in reference 5.
Turning-angle and pressure-rise measurements were obtained
with the 28-inch test compressor (reference 4).

The testing procedures used in this investigation were the
same as those reported in reference 1. Most of the tests
were made with a fked entrance velocity of about 95 feet
per second and with blades of 5-inch chord. A fevi tests
at other speeds were made to vary the Re-ynoIds number.
Teats on bIades of aspect ratio 2 used airfoiIs of 2%-inch
rhords. With the exception of tests run to determine
proper end conditions, cascades of seven blades were used
throughout .

In order to e.qedite pIotting of test preesuredistribution
results, a constant entrance dynamic pressure is normally
used in cascade testing at the LangIey Laboratory. Ma-
nometem scaled with vaIues of qllgl are used so that no
computing is required to make these plots. It is therefore
convenient to obtain force coefficients on the basis of the
entering dynamic pressures. All coefficients presented herein
are so calcuIated-

I?mmI 3.—LanEIey XMnch casmde tunwI e@pIxI tith WOM w’811s.
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‘rhe static-pressure rise across the test .scction can be
controlled to a considerab]o extent by tho quantity of flow
drawn through the porous walls. The pressure rise corre-
sponding to two-dimensional flow through the observed turn-
ing angIe., when allowance for cflec.tivo. passage-area reduc-
tion duo to the observed wake is made, could be established
by this means. A chart of pressure rise or, more specifhlly,
of gJq, was pmparcd for a range of turning angle and wake
width for tlw test inlet air angle and solidky (@. 5). The
Afwt. of the Made wake. on the exit velocity was taken into
account by measuring t,hc exit. velocities and averaging the
values for a few test points. A factor, dependent upon the
wako width, was so obtained and was applied in computing
values of g2/ql for other conditions. This factor assumes that
wakes of sirdar width will rest.rict, the ~~t flolv similarly,
The validity of tha curves was later confirmed by detaile.cl
velocity calculations for many tests, For alI tests in which
continuous boundary-layer removal was used, the pressure
riso across t@ cascade was set @ reference to the c.har.t.
Of course, this method was not applied to tho series in which
the prw,sure rise was intent.iomdly made clifferent from the
two-dimensional value in order to ~samhw the resulting
efrW&

RESULTS AND DISCUSSION

GENERAL

‘1’ho investigations reported in references 1and 2 used blades
of aspect ratio, 1, The results obt aine~, although providing
useful information) failed to satisfy t.hti criteria of two-
dimensional flow. The. LangIey 20-inch cascade tunnel was
eonstructml to pr.rmit blade models of aspect ratio -t to he

,JoL_ J 1 1 1 ! 4

8 /2 /6 20 ‘24”” 28.
Ttxnhg ungle,6,deq

FIGURS b,—Relatlon &twmn dynam!~presmre ratio ruxcm cusende to tmnln~ angIe. p-w.

tested wi~~out reductiou in blade chord or test ReyDolds
number. The results for Mtidcs of aspwt ratio 4 iwtlicatcd
t.htit. the stat.i~-prwsmre rise obt aine(l did not agree with that
calculated by using thu measured values of turning rmglo and
by assuqing two-dimensional flolv, even t~ough rorrec.t ion
was made for the Made wakt! measured at midsptin. Further,
the turning angles observed were quite dil?iwwnt from tbc
turning-angle values obtaintwl in the tesb compressors.
Correcting the data to account- for the constriction duc to
separation near the walls failed to produce corrected turning
angles in agreement with the values mcasurccf in the test
compressors. When the drttti for thu 5-inrh Mades of mprct
ratio 1, whirh a=mee with the data for tilt! test compressors,
were so corrected, however, the resultant. values wcro lower
than test-compressor results. ‘NM values for the uormtil.
force coefficient for the tests on blwhw of aspt!ct ratio 4
appear to be in ~!loseragwerm.mt with the ~ahws calculated on
a basis of two-dimensional moment urn a ml prcssuro c.hangcs
when they are plotted with corrected turning angles thnn
wlwu thd measured turning-angh! values arti used, but. since
the slopes of ~.v against d, diffur, the results are in question.

Thus it appmm that cascades of aspect rntio 4 (10 not
yield directly usal.dc information even WIWUa.xial-wlority
corrections are applied. Because h blades are not. opwat-
ing under pressure-rise, turning- angh’, and m@-of-nt.tncli
conditions that represent the. two-dimensiomd raw, cm-
cades of neither ~= 1 nor .-i=4 provide the conditions
sought. Furthermore, large air supplies me required for
high-wpect-ra t.io cascades, particularly for high-spwd tests.
For these reasons, at tempta were made to devise mctho&~
that would provide t~vo-tlilll(’nsiol]al flows in (!ascades using
blades of low aspect ratio.

The intmfereuec and intwwtion of the tul~~~el-si(Ii~-\vall
boundary layers with the boundary layers of the test airfoils
were believed to be the reason for the flow not being tJvo-
dimensional. If t.hc side-wall boundary layers could lx’
rerno~ed cent.inuoudy through thu side walls, two-
dimensional flow conditions could pwhaps Im cstablisbwl. In
order to- examine this possibility, tho LangIe.y 5-inch tmd
20-inch cascade tunnels were moclified by replticing t.hu
test-section side \i-ails with a frame supporting a perforated
metal sheet and a porous mat t!riaI was at taclwd to this per-
forated sheet.. As illustrated in f~re. 2, a suction chamber
connected to a blower was provided on the outside of tho
test section, and a part of the flow was drawn through tho
side wall. First tests using this system indicated considwa -
ble promise but dso indicated thaL the matmial used for thr
porous surface aflerted the quantity of flow that had to bc
removed .to establish two-dimensional conditions. For this
reason, a search for suituhle porous matcria.ls was initiatc~i,
and several materials were tested in tlw 5-inch cascade.

Other elements of the tunnel configuration that affwt tho
character of the flow into the cascnde are the cntrancc-cone
shape, the type, location, and number of the wall slots, d
the treai&nt of the encl waLI. Only one modification of W
circuIa.r-”iMc entrance-cone shapo used on both tunnels was
tried: The 20-inch-tunnel fairing-s were replficed with fairings
of parabolic curvature in an attempt to eliminate the un-
favorable pressure gradient that- existed with the circulnr-arr
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cone. .\:o measurable reduction of end-vd boundary-layer
thickness was observed, however.

TEST-SECTIOX COSDITIOSS FOB TWO-DIMEXSIOXfiFLOWS

Porous materiala.-1deaLIy. it would be desirabIe to employ
permeable surfaces having varying porosity in order to dis-
tribute the boundary-layer remod in a manner related to
the locaI boundary-layer thickness. h’o scheme that wouId
be practical for a series of tests was evolved to accornpliih
this result. In a general way, a surface of uniform porosity
accompIiahes the desired result, for, vihere the pressure
recovery has been the greatest., the quantity flowing through
the surface -iviIIbe greateat. The regiona of highest pressure
are unfort unateIy not necessarily regions where the bounclary
layer is thickest or most likely to separate; therefore, a sur-
face of uniform porosit.v is not idetd for compressor-cascade
side walls The surface porosity for these low+peed
compressor-blade tests was determined by the requirement
that. the suction-chamber preesure be levier than the lowest
pressure on the test airfoils. In this condition. the flow-

through the wall surface was every-where outward from the
test section to the suction chamber.

The first tunnel configuration using porous walls had a very
htnivy canvas as the surface. Because of the appreciable
roughness of this matwiaI, a -wry large quantity of the main
flow had to be removed through the canvas in order to obtain
the pressure rise associated with the measured turning a-ngIe.
Although a direct quantity measurement was not made, an
estimate based on the suction prewure used would be that
an air quantity of Erom 20 to 25 percent of the entering flow
was removed through the vds. A medium-weight broad-
r]oth materiaI having a fairIy smooth surface on one side was
next tried. The quantity of air removed -was 10:3 percent
of the entering flow; this amount includes some leakagg. flow-.
Broadcloth surfaces were used for most of the tests reported
herein.

one test using 2-ounce nyIou saiIcloth was run. This
material appears to have desirabIe smoothnes, strength, and
ubrasion-resist ante properties, but the sample used was too
rIoseIy woven for the eondit ions of the test. A flow vohune
sufficiently Iarge to produce the requirecl pressure rise through
the cascade could not be removed with the e~ting suction
blower. A very H@ pmachute silk was also tried, but with
the opposite result-the porosity was too great, and several
layers wotid have been required to obtain a satisfactory
permeable surface. This arrangement was considered im-
practical for routine operations . requiring many tunnel
rhanges.

Several tests were run with a metal screen, made by electro-
plating, as the porous surface. This materiaI, .a copper-
uickel alloy, has a very smooth, uniform surface, -which is
much smoother than wire screen of similar mesh (100), and
is without the fuzz of cIoth. The sample used had 16-
percent open area. One or two layers of broadcloth backing
were employed to produce the necessary resist ante. A
significant reduction in the porous-wall air removal was
measured in the tests; the air remo~a~ dropped from the
previous value of 10.3 to 4.5 percent of the main flow.
Better agreement. rewlted between normal-force coefficients

calculated from measured blade pressure distributions and
those calculated by using the momentum equation. The
elect roplat ed met al screen was rather expensive, how-ever.
A porous surface formed by hammering copper or bronze
screen was found to be very practical and quickly made. This
technique is attributed to Jfr. P. K. Pierpont. of the LangIey
Full-scale Research Division. By va~ing the number of
hammering operations (eaeh follovied by torch annealing),
a material of required porosity could he obtained. A screen
successfully usecl o-rer a. tide range of test conditions had
initiaI wire cliameter of 0.014 inch, 30 mesh, and was ham-
mered to a sheet thickness of 0.009 inch. The normal flow
veIocity ‘plotted against pressure drop for this material is
presented in figure 6.

A commercially availabIe material, twill clutch double
weave t?.her cloth, usuidIy woven of monel wire, having 250
fill wires of 0.00S-inch cliwneter per inch and 30 warp wires
of 0.010-inch dimneter per inch was found to be very sat is-
factory when commercially calendered from the as-woven
thickness of 0.027 inch to 0.018 inch. This flter cIoth pw--
mitted normal -ieIocities at a given pressure drop similar to
those presentd in fi.m 6 for the hammered screen.

24T0comparative tests were run in the 20-imch tunnel, but
it is believed that a similar reduction in porous-wall air
removaI could have been achieved; however, a typical vaIue
for this remoraI in the 20-inch tunnel is 2.9 percent when
broadcloth is used. This percentage was so smaII th~t at-
tempts to reduce the nmount seemed unnecessary.

Slot configurations.-.+ series of runs was made with
several combinations of tunnel side-w-all and end-wall sIots
in order to produce uniform entering flows and to reduce
porous-wail suction-flow quantity. The possibility of using
flush side-widI slots was considered, since flush side sIots
rouId ehninate the width change in the end plates and
woukl increase the ease and decrease the time of operation.
The testa were made by using esisting sharp-edge protruding
sIots with and without fairings in order to VQW the coMgura-
tion and therefore these sIots do not represent optimum slot
shapes. TIM sicl%wall slots were closed by fairings extending
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t ion points. This system provided too few variables, and
proper entering conditions could not be established; in
addition, the end passages exhibited sta.Uing and fluctuating
flows. The end walb -ivere moved outw-ard about K inch for
the subsequent test, and a gap between the flexible end -walls
and the end b~ades resulted. Attempts were made to control
the entering static pressure and direction of flow by bending
the end walls. Considerable shdhg continued to occur,
however, apparently because of the thick end-wall boundary
Iayer. To investigate this possibilityy a %e-inch protruding
slot was Imih into the upper and lower end walls 1 chord
ahead of the test blades. These slots were connected by
ducts to an exhauster. Satisfactory control of entering con-
ditions was possible by bending the flexible surfaces. Some
operating time is eliminated with this system since it is not
necessary to set the end walI exactly in the direction of the
e.sit flow, and less skill and time are required in adjusting
the entering conditions. However, the flow about the
central blade appeared to be the same as that for the other
two satisfactory tumel con6gurations.

The number of b~ades required in a cascade appears to
be an inverse function of the amount of time and care em-
p[oyed in establishing the end conditions. With the flexible
end walls used in the cascades described herein, littIe cLifler-
ence in performance was noticed between similar cordigu-
rations of fi~-e or seven bIades. In a setup where end-vd
adjustments are not readily made or where running time is
limited to a few minutes, s~cant ditlerences in the per-
formance might be observed.

ln tests of airfoik more highly cambered than the INACA
65-(12)10 section reported here~ continuous boundary-
layer removal on the convex end wall has been necessary in
order to prevent separation from this waU and to permit
uniform exit flow from the cascade. A porous surface be-
ginn@ at the end-waII slot, about 1 chord upstream of the
bIades, was extended through the cascade to about 1 chord
downstream of the blades. Protilon was made for flexing
this end wall to the desired curvatures. AIthough con-
t inuous boundary-layer removaI might rdso be desirable for
the concave end wall, the additional complexity is undesir-
able. A thin sheet-brass end wall has been found to provide
satisfactory flows at an inlet angIe of 60° and at a turn@
angle of 30°, which is a rather severe case.

COMPAEUSON OF CASCADE AND TI?ST-SLOWES ItESLZTS

Turning angle and static-pressure rise. -Resuhs for the
several cascades and test blowers investigated are given in
figures 9 and 10 as pIots of turning angle against angIe of
attack. All test airfoils are the NACA 65-(12)10 section.
.411inlet angIes are 60° and aII solidifies are unity, with the
singIe exception of the 4%nch-diameter test compressor, in
which a mean diameter solidity of 1.182 existed and in which
the irdet angle increased with angIe of attack so that 9=60°
occurred a L a= 14°. Turning-angle corrections obtained
from reference 2 for varying inlet angIe in the. 42-inch com-
presor are presented. Because the rotor-blade solidity was
1.182, the turning angks measured in the 42-inch compressor
were predicted to be about 0.4° higher than in the 28-inch
test bIo-irer or cascades of soIidity 1.
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If the resuhs of the solid-waII cascade tests are compared,
an increasing turning angle with increasing aspect ratio is
very evident. The results fkom porous cascades and test
bIowem agree with the data from the solid-wdl cascade of . _
aspect ratio 1. This behavior is beIieved to be due to
counteracting effects. The velocities induced by the trailing
vortices due to reduced lift in the tunneI-wdl boundary
layers and the movement of the wall boundary layer onto
the suction surface of the airfoils have an over-all result of
reducing the blade lift and hence the net turning angle. A
factor having an opposite effect is the increase of axial
velocity resulting from thickened wall boundary layers (see
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reference 3). That this effect exists is evident 41urirg opera-
tion of the porous-wall cascades: As the porous-walI flow is
inc.reascd and the pressure rise across the cascade is increased,
a measurable reduct ion in turning angle t alms pIacc. Figure
11 shows this effect for the cascade with blades of aspect
ratio 4.

In a recent paper (reference 8), Hausmann has presented
an malysis of, the simplified trailing-vortex problem, In
the rather severe case calculated, the indication is that the
turning angle would be incrcascd because. of the downwash
msociatwl with the trailing vortices. The opposite effect is
predicted by C!arter and Cohen in reference 9, A discussion
of these cou.uteracting effects is presented in a subsequent
section, with the conclusion that no method is now available
to explai~ sc tisfact.orily the flows observed in the solid-wall
rwwades.

‘IWO solid-wall cascades studied failed to produce the
pressure rise associated w-i~h the measured turning angles
(fig. 12). At low aspect ratio the three-dimensional effects
prcdominat cd, and low turning angles were observed. With
l~igher aspect ratios, the induced effects were of smaller
magnitude, and more turning of the flow rcwdted. To
approacl~ two-dimensional flows in solid-wall cascades, aspect
ratios much greater than 4 must be used.

Satisftictory agreenmnt of d with a and gZ/ql with 8 was
obtained bet~veen porous-mall cascades of aspect ratios of
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1, 2, and 4 and two test Ido}vcrs at their mean diamctms.
The. porous-wall cascades appear to satisfy tlwse criteria. of
t.wo-.dimensionality.

Passage wake surveys, -An lamination of the flow down
-stream of the cascade was made in order to dctcrmino
how much of the flow was homogeneous. Total-prcsaurc
surveys of t.hc test cascade were made in the solid-wall nnd
porous-walI con.f’’gurations with blades of aspect ratio 1 at
an angle. of attack of 15.10, The results me prescnttxl in
figure 13. In the solid-wall case, a Imge region of low--energy
air, which had its c-ore originating at the junction bctwcwl
the conv~x swfaces of the test. airfoiI and the tunnel wall,
vms obscr~ed. In reference 9, a simikw plot is prcscntwl for
a cascade of aspec~ ratio 2 in which similar results arc
indicatwl. The percentage of the flow arm rIfTccted is less,
however, and a short region of uniform flow appcara i]~ the
center of the tunnel.

The porous-wall configuration had only a relatively small
region of loss greater than that. of the wako of the Last blades.
The portion of the wake unaflccte.d by the spread near the
wall vras-80 percent of the tunnel width. The tohd-pressure-
loss values in this “two-dimensional” wake were lower m-l
of smaller exkmt than in the solid-wall test,

A comparison of these plots ilhstrntes clcarIy ho~v con-
tinuous rcmovsl of the wail boundary Iayws alters the static-
pressure rise across a compressor cascade. With solid walls,
the large low-energy region9 act to constrict the main flow
and so reduce the effective flow ma, so that an incmasc in”
the main esit flow velocity results. With permeabIc W~Us,
since the e.ffect.ive exit. flow mea is much Iargerj the mit
veIocity is smalIer and the stat ic-pressum rise is higher. ‘

Comparison of normal-force coefficients.-Ouc of the im-
portant griteria for two-dimensional flow is that the WA1O
for the force on the blades determined by calculation of tlm
momentum ancl pressure cha.ngcs fissociatcd with the nwm-

Im
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lmecl turning angle be equal to the force as determined by
integration of the surface pressures. The ability of the
configurations wed to satisfy this criterion is illustrated in
figure 14. The solid-wall cascade of aspect ratio 1 faiIs
Ldy. The soIid-waII cascade of aspect ratio 4 is better
but the uorrnal-force coefficient obtained from pressure dis-
triblltions is from 7 to 15 percent Iovr. The porous-waII
cascades are dearly superior on this count, because reason-
able correlation between (~x)~ and (dx)M is indicated o-ier
the usual operating range.

Figure 15 shows that good agreement was obtained between
[t ‘.~-)pand (C’X)~ vrith the porous-wall cascade of aspect

rat io 1 at the lower-presmre-rise case of #3=450. I$o tests at
Iower than 45° inlet angIe were inchded in this in-instigation,
I]ut it is believed that satisfaction of all the criteria of two-
dimensionality would be obtained.

The pressure rise across the cascade has an effect on the
force normal to the blade. In order to calculate this force.
the pressure rise must be known or assumed. The calcu-
lated normal-force-coefficient cur-i-es of &ures 14 and 15
were prepared by using the pressure rise measured in the
porous-wall c&cades. As previously noted, the vaIues of
q~/ql are controIIabIe with continuous boundary-layer removal
find were ndju~ted to correspond to the observed turning
angle with aIIowance for the observed wake. The calculated
values of C’~presented are therefore beIieved to be represent-
tit ive of two-dimmsionaI ffow and the most IogicaI basis for
t.7unparison.
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Fwumz 14.-Comparlrrn of nmmal-force cdtldent obtabwd Lu-us mxadee. Solld-Ike
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Aninterestingmmparison is that of thepressuredistribution
normaI-force coefficients obtained with the 42-inchdiameter
test compressor, the vaIues calculated for the observed
turning angIes and the values obtained in. solid-waII
cascade of aspect ratio 1. This cascade might be expected
to produce effects simhr to the bIower, if the physical
simiIarit y were the determining factor, since the test
compressor has bIades of aspect ratio of about 1, solid
“waJ.Is,” and a soiidity of 1.182. The values of UCMpre-
sented in figure 16 illustrate that the effects me not similar.
At the mean diameter, the & values of the test- compressor
mat ch the values calculated for the measured turning angks
within the Iimits of the measuring accuracy, but the vahes
for the solid-wall cascade of aspect ratio 1 are greatIy
ditTerent.

The exceIIent agreement between the test compressor
and the porous-waII cascades on turning-angle (6 a=minst. a],.
normaI-force-coefficient (( C.v)P and (C~)x against t?), and
pressure-rise (g,/qI against 8) relations probabIy results from
the reIat iveIy greater energy of the boundary layers in the
compressors compared with the energy of the boundary
Iayer in the cascade tunneIs. This energy difference, which
is due to greater relatire velocities between the boundary
layer and the running bIades in the compresso~ as compared
with the stationary blades in the cascade, is discussed in
reference 3. The exceUent agreement obtained illustrate=”
that two-dimensional cascade data can be used directIy in
the design of axial-flow compressors.

Spanwise pressnres.-One of the characteristics of a flow
constant in the spanwise direction is that equal pressures
exist at one chordwise position at different spanwise Ioca-
tione. In order to examine the ability of the -w-wioussetups
to meet this requirement, airfoiIs having static-pressure
orifices located K inch horn the tunneI wall as well as at
the usual center-Iine Iocation were constructed. h’ACA
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65-(12) 10 compr=sor bIades of aspect ratio 1 were tested
at f?= 60°, with a solidity of 1, with solid and with porous
walls. In the solid-wall case (fig. 17) the pressures near the
wall are quite d@aront from those along the tunnel center
at the various chordwise stations. In addition, the normal-
force co&ient obtained by intekwating the center-line
diagram is significantly lower than that ca~culated from the
measured turning angle. This fact, coupIed with tho dif-
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fcrence between t-he measured and calculakx-1 c.~lt velocities,
suggests Mat significant di.threnw in the prmsum distrilm-
tion would occur either in the ideal two-dimensional, cam or
in a compressor (the caIculat.cd pressure rise has I.wcn ob-
tained in severtd test compressors). This plxisibility was
discussed in reference 3.

Pressure distributions similar to thoso for the solid-wall
condition are presented in figure 18 for the porous-wall
condition. Excclhmt agreement is obtained Lwtwccu tho
two diagrams. The normal-force coefficients obttiimxl by
integration and by calculation agree within thu limits of
experimental error.

For purposes of comparison, the center-line prcssuro dis-
tributions of figures 17 and 18 have been rcplot t.wl in figure
19. AIthough the angle of attack and turning .mgh? wmc
similar in the solid-]~all tAst, it is clear that tho tohd arm is
considerably Icss and that tho pressure distributions diflcr
from each other in such a manner that it would be dificult,
if not impossible, to devise a method for correcting tho
sol.id-wdl test results to agree with those which woukl result
in a two-dimensional flow.

Similar aggeement was obtained in porous-ivall tests at an
inlet air angle of 60° with a cascade of aspect ratio 4 (fig. 20)
over the test range of angle of attack. It is W!reforc
believed that a reasonably CIOSCapproach to two-dimensional
flow was obtained with continuous rcmovaI of the tunnel-
walI boundary Iayers.

-.
EFFECT oF REYNOLDS NUMBER

A set of 2.5-inch-chord airfoils was conatructcd to pmmit
cascade tests with Wades of aspect ratio 2. At tho usual
test velocity of about %5 feet pm second, the Reynolds
number of this cascade would be 123,000, a vnluc presumably
well above ~he critical range at which scale effects occur
(usually taken to be about 100,000 for typical wrial-flow
compressors). Because of the low turbulcnco Icvel of the
Langley fi-iich cascade tunnel, la.mina.r scparat.ipn existed,
and very poor performance was observed. (Velocity vrwia-
tion was 0.0004 of stream velocity; however, in both tunnels
the turbulence factor varied somewhat with the tiir velocity.)
A series of teste was t.hcreforc run in m-i attempt to dcfme
the critical Reynolds number for the test cascade in several
tunnel configurations.

The 2.5-inch-chord blades in the original smooth condition
were tested at sevcraI vahws of R by increasing the test
entrance ~elocity. In figure 21, a lcveIing of the turning-
angIe and drag-coefficient curves around values of R=250,000
is indicated for these twts. Bcctiuso the tunnel motor find
blower appwmcd to be operating at speeds above n safe limit,
attempts were made to simulafa higher effective values of
R by introducing turbulence into the air stream and by
using airfoils roughened by a strip of masking tape at the
leading edge, Figure 22 indicates that a turning-angle per-
formance indicative of higher effective Reynoh?s numlwm can
be obtained by the me of roughness. Some diff’’culty was
encountered in introducing turlmlonce to the. test air stream
and still maintaining uniform entering-flow cordi~ions; tlwrc-
forc, the rcmdts are not presented herein. However, qudi-
tativcly, the mpcctcd efIect was observed.
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To make certain that values of R above 250,000 would
produce only insignificant changes in performance, a set of
5-inch-chord airfoils were rerun in the 5-inch cascade with
solid walls at the usual test velocities and at higher values.
These results are included in figure 21. Site the aspect
ratio of the blades used in these tests was unity, the turning-
angle values am not directly comparable with the results of
the 2,5-inch-chord tests. The indication is that the critical
Reynokis number is about 250,000.

Hot-wire anemometer measurement in the 20-inc.h tunnel
indicated that the turbulence factor of this tunnel was about
ten times that of the 5-inch tunnel. To obtain further
information on Reynolds number effects, the test cascade was
rerun in the 20-inch tunnel. Entering speeds above and
beIow t-he usual vaIue were used. These resuIts are also
included in figure 21. Iu the Reynolds number range
between 160,000 and 250,000 the t,urning-angIe vahws for the
porous-wall cascades of A= 1 and A=4 vary less with R than

do the values for solid-wall cascades of A=2, Apparently,
con t.inuous removal of the side-wall boundary Iayer makes a
compressor cascade less wmsit,ive to ReynoIds number
changes.

A large variation in the value of the measured wake
coefhient is noted at R=250,000. The section drag for the
solid-wall cascade of A= 1 is influenced by the blade-wall
junction Iosaes, as was shown in f@re 13. The wake coeffi-
cients of the test airfoils of A= 2 in the solid-wall cascade and
A= 1 in the porous-wall cascade are believed to be greater
than those of the airfoils with A=4 because of the greater
turbulence and higher effective Reynolds number in the
20-inch tunneL This trend is evident in figure 23, in which a
plob of C’Wagainst a is presented for several tunnel configura-
tions. The scatker of the (?WvaIues suggests the order of
accuracy of this measurement.

Data taken at angles of attack other than 15.10 indicato a
large change in the vahms of dt?/da with R (fig. 24). Most of
these datw were obtuined with the solid-wall cascade. with
blades of A= 2 over only a 4° range of a; however, a more
complete a range was run in a porous-walI cascade with blades
of A=2 at R= 190,000 and ]76,000. The points presented in
figure 24 are not to b considered final, but they do provide an
indication of the trend to be expected.

The decrease. of d(l/da with R is believed to be related to the
pressure gradients near the leading edge_of tha convex surface
of the test airfoils and to the extent of the htmina.r separation,
.4t lower angles of attack, the pressuro recovery in the for-
ward 35 to 40 percent chord is small (fig. 20) and laminar
flow can exist. for some dist ante so that a. relati.veIy thick
Iaminar boundary Iayer results. Farther downstream a
rapid pressure rise occurs and, at. low Reynolds numbers, a
severe laminar separation takes place and low lift a.ml low
turning angles re9ult. The fact. that severe separation occurs
is indicated by the high Cw vahws measured at low Reynolds
numbers (~. 21). At higher angles of attack, the region
favorable to a Iaminar boundary layer is reduced, so that
when laminar separa t.ion takes pIace the separation is of
lesser extent. (ln some cases, particularly at. higher Rey-
nolds numbers, the flow may rest tach to the surface.) Thus,
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as the angle of attack is increased, a disproportions te increase
in turning angle occurs at low Reynohls numbers. At higher
Reynolds numbels, laminar separa t ion is Icss Iikely to occur
so thtit these effects are less pronounced and a Iowm vahw of
dt?/da results.

Attempts were made to verify the. apparently reduced effect
of ReynoIds number on porous-wall cascades of aspect ratios
1 and 4 by testing the 2.5-inch-chord airfoils of A=2 with
permwbIe walls. WiLh the exhausting equipment tivaiIabIe,
it was not possibIe to establish the desired flow conditions at.
Reynolds numbers above 190,000. AL this value, a turning
ang~e of 19.2° was measured at 15.10 angIe of attack, and
d$/da equalled 0.90. These results agree with the previously
recorded data.

.
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COMPARISON OF SEVERAL METHODS OF COREE~-G TUEMKG
AFiGL2S TO THE TWO-DIMENSIONAL CASE

There are many situations in which it would be desirable
to use solid-wall cascades if suitable means for correcting the
resuIts were availabIe, as, for examp~e, when schlieren photo-
graphs of the flow are desired. SeVerd methods for con-
verting cascade and compressor results that- are not tvvo-
dimensionaI to the two-dimensional case -were applied to the
data from the soIid-waU cascade with blades of A=4. One
method is based on the discussion in reference 3, in which the
exit a.sial velocity is made equaI to the hdet axial ~eIocity.
The entmnce irdet angle and angle of attack are assumed to

‘he unaffected by the exit flow (fig. 25(a)). A second
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method, based on a discussion in reference 10, suggests tkt” .. _.
the exit axkd velocity be adjusted by one-haIf the difference
between inlet and exit ra.lues and the corrected turning angle
be the di.tTerence betvieen the actual inlet rector and the

r—..

adjusted exit vector (fig. 25(%) ). A third method is to
average the inlet and e.sit axial velocities and then to reduce ,
the averaged axial docity by one-half the axial-velocity
increment due to the wake to obtain the inlet axial velocity.
The exit a.xiaI veIccity would be greater than the average
due by one-htdf the wake increment (fig. 25(c)). In all
these methods, the change in the tangential velocity is
assumed to be unaffected by the change in axiaI veIocity.
This assumption may not be valid.

The turning angles measured in the s@d-waII cascade of.
A=4 have been corrected by these three methods, and the
results are present ed in ilgure 26. The turning angIes
measured in the .&did-wall cascade of A= 1, which were in
good agreement with test-bIower and pmous-vmll-cascade _
re.wdts as indicated in figure 9, are included in figure 26.
Corrected vaIues obtained by the wake-allowance method -
(method HI), which gave the smallest change for a given
axial-veIocity increase, are also included for the A.= 1 solid- .-
viall case. The turning angIes for the .4=4 case as measured
were 2“ to 4° higher then the median dues of figure 10. .. ~
The second and third methods reduced these differences to
about one-half. The first method yielded resuIts in better
agreement, with median curve, but the corrected values .
tended to be Iow, with a maximum ditlerence of about 1°.

The wake-allowance method was a.ppfied to the datw from
the soIid-wail cascade with bIades of .4=1. The corrected ..
turning angles appear 2“ to 3° belovi the measured data --—.
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(or tho median curve) if this method is used and wodd be
even lower if t.hc other methods were used. Since the cor-
rcctcd turning angles for blades of A= 4 te~d ta be too high
and the values for b~ades of A.= 1 too low, the conclusion
might be drawn that some combination of test aspect ratio
and correction method could be obtained that would make
possibIe the adjustment of cascade data that are not two-
dimensional to the two-dimensional case. That such a
combination would yield satisfactory results over the useful
range of hdet angles, soliditics, and c~mbcrs seems unlikely.
Consideration of correction attempts for aspect ratios 1 and
4 indicates that a single simple methoii of adjusting measured
values for observed axial-velocity changes is not likely to
be found. Apparently factors other than the increase or
dccreme of axibl velocity through the cascade must be taken
into account. Undoubtedly one of these other factors is
the eflcct of the flow induced by the trailing vortices. The
method of reference 9 was used to estimate thu magnitude
of these effects in the solid-wall cascades of A= 1 and A=4,
for a measured turning angle of 20°. The turning angle in
the cascade of A= 1 is decreased about 2° by the induced
flow, whereas the turning angle. for the blade of A=4 is
reduced by 1.7°. Adding 2° to the corrected turning angles
in figure 26 would bring the A= 1 results into closer agree-
ment with the median curve. Adding 1.7° to the A=4
results, however, would cause greater d~agreemcmt between
the values corrected by any of the three methods used and
the median curve of figure 10.

Thu values of normal-force coefficient obttiined & inte-
grating the pressure distribution about the test airfoils have
been replotted with the turning angles corrected by three
methods (tig. 27). The corrected (C~)p curves intersect the
theoretical curve within the test range. The (CN]P curve
plottexl against measured values of o did not inter-sect the
theoretical curve (@. 14). Thus the axial-velocity ad jusb
ment methods used might be considered to improve the
agreement bctwccn measured and calculated normal-force
coefficients, but, because the slopes arc quite dtierent, only
little improvement is gained. If the induced flows were
taken into account by the relations of reference 9, the
various values of dCJdt?, woulcl be in less agreement with
the theoretical values, because the reduction of turning
angle due to the trai~ing vortices increases with CN. Thus
no methods arc at hand t.o explain the observed flows in t&c
eolid-wrdI cascades.

TURB[NEBLADETESTS

A turbine blade designed to operate at, 6=30° with about
85° turning angle, a prcssure+op, reaction condition, was
tested in t.l~~!5-inch tunnel in cascades of A= O.83. and in
the 20-inch tunnel in cascades of A=3.33; solid walls were
used. The curves of a against 8 arc presented in figure 28.
L~ttle difference other than experimental scatter is noted.
Blade-surface static-pressure measurements taken along the
tunnel center line are shown in figure 29, Greater differences
than can bc accounted for by inaccuracies of measurement
existed, but gene.ral agreement was obtained, Tuft surveys
indicated a collecting of low-energy flow at the juncture of
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the convex surface of the test blades and the tunnei side
walls. In these tests, even at the lower aspect ratio, this
condition seemed to have little effect on the test results. It
is therefore believed that., with usuaI pressure-drop cascades,
as with reaction turbine blades, nozzles, and guide wmcs,
useful results can be obtained with cascmdcs of low
aspect ratio.

AnotLer react.ion turhinc section tlesigncd for 6=105” ~t.
~=45° was W&xl in the 5-iich tunnel in rascafics of A=O.83
with solid and with porous walls. Since the clynmnie pressure

-.
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at the exit from the solid-wall cascade was not much
greater than that calculated for tvio-dimensiomd flow, very
little air could be drawn through porous walls without lower-
ing the exit dynamic pressure below the desired value. With
this Iow porous-waII flow rate, the pressure drop across the
porous walk in use with this test was not suf%rientIy great
to produce an inflow through the entire wall. Therefore,
the flow through the cascade could not be considered ralid.
Nevertheless, a turniq angIe ofily 1“ different (in 105°)
was measured. This test is at best only indicative of the
effects of using porous wah with turbine cascades, but it
seems clear that with pressuredrop cascades lit tie benefit is
to be gained through the use of permeabIe side walls.

CONCLUSIONS

The resuhs of an investigation to determine the influence
of aspect ratio, boundary-layer control by means of slots
and porous surfaces, Reynolds number, and tund end-waII
condition upon the performance of airfoils in cascades have
led to the foLlowing conclusions:

1. Conventional cascades of compressor blades with aspect
ratio 4 do not simulate the two-dimensional case. The
indication is that very large aspect ratios would be necess~
to satisfy aIl criteria of twodimeneionality.

2. Because of opposing effects, the scdid-wall cascade of
aspect ratio 1 produced a rdation between turning angle
and angle of attack for the hTACA 65-(12)10 compressor
blade at a solidity of 1 and an inlet air angle of 60° more
nearly Iike that of two test blowers than that of the adid-
wall cascade of aspect ratio 4. However, the normal-force
coefficients obtained from the measured pressure distributions
were significantly Iess than those calculated from momentum
and pressure changes, and the measured pressure rise across

the cascade was significantly Iess than that associated with _
the measured turning angle. —.

3. T’ilth continuous boundary-layer remova$ cascades of _ ~
aspect ratios 1 and 4 produced curves of turning angle against .
angIe of attack for the h’ACA 65–(12) 10 airfoil very similar
to those of two test bIowens, when the pressure rise associated
with the measured tx~ r@e was established.

4. lkch better agreement was achieved with the porous- ‘_
vAI cascades between the normal-force coefficients calcu-
lated from momentum and pressure changes and those ob- __
tained by integration of the measured pressure distributions
than was obtained with the solid--wall cascades.

5. With cascades havhg a decrease in static pressure in
the downstream direction, as with guide vanes and turbine
blades, the use of permeable wails appears to be of negligible ~
advantage. ‘i’i%h such cascades, solid-wall tunnel configu- .,
rations havirg bIades of aspect ratios of 0.83 and 3.33 pro-
duced similar resdts. .——

6. For typicaI compressor-bIade cascades in tunneIs of Iow
turbulence level, scale effects seem to be negligible abo~e _
Reynolds numbers of 250,000 but may be appreciable beIow
this -raIue.

7. The porous-walI technique as applied to cascades of
compresso~ blades makes p~ctical th~
dimensional flows.
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